The two-locus gametophytic incompatibility system in perennial ryegrass (Lolium perenne L.) is not always fully effective: obligate selfing of plants sieves self-compatible pollen mutants, and self-fertility becomes fixed in subsequent generations. Self-compatibility (SC) was investigated in an F 2 family. In vitro self-pollinations were analysed and recorded and plants were classified as being either partially or fully compatible. Distorted segregation ratios of markers on linkage group (LG) 5 were found, which indicate the possible presence of a gametophytic SC locus. Interval linkage analysis of pollen compatibility after selfing confirmed that this distortion was due to a locus (T) analogous to the S5 locus of rye. However, even though markers in this region were, on average, less than 1 cM apart, the minimum number of plants possessing the unfavoured allele was never less than 6% for any marker locus. We proved that this was because of the presence of another SC locus, exhibiting gametophytic selection, segregating in this population and identified by interval mapping analysis of compatibility classes of in vitro self-pollinations. This locus was located on LG1, and probably corresponds to the S locus. We show that the T locus, a relic of a multilocus system, functions through interaction with the S locus: F 2 segregation of incompatibility phenotypes and linked markers demonstrated that the S/t pollen genotype combination, expected to be compatible on selfing, was sometimes incompatible. Further evidence is presented to show that this interaction must be dependent on yet another locus located on LG2. A prime candidate would be the Z incompatibility locus.
Introduction
The outcrossing ryegrasses (Lolium perenne L. and L. multiflorum Lam.) commonly occur throughout the temperate world. The breeding of improved cultivars of both species and their hybrids is largely based on the functioning of a two-locus (SZ), multiallelic, gametophytic incompatibility system (Cornish et al, 1979; Fearon et al, 1983 ) that prevents selfing, enabling the production of genetically variable but stable synthetic populations exhibiting good combining ability. Breeding has been partly responsible for a significant improvement in the productivity and quality of marginal forage grasslands, the aesthetics of landscaped grass areas and the playability of natural grass sports surfaces.
Seed setting on selfing in Lolium does occur at relatively low levels, and was observed as long ago as 1924 (Jenkin, 1924) . Self-fertility in ryegrass has attracted interest (Jones and Jenabzadeh, 1981) , as the ability to produce self-fertile inbred lines could enable the production of F 1 hybrid cultivars (Hayward, 1988; Hayward et al, 1991) . Low seed set suggested to Jenkin (1931) that selffertility was under polygenic control. In perennial ryegrass, a self-compatibility (SC) locus independent of the S and Z incompatibility loci has been shown to segregate in F 2 and F 3 populations derived from a cross between two inbred lines . In the closely related self-fertile species, Lolium temulentum, a self-fertile allelic variant of one of the incompatibility loci was identified in backcrosses to perennial and Italian ryegrass (Thorogood and Hayward, 1992) . This locus showed apparent joint segregation with the isozyme GOT/3. Although the GOT/3 locus maps to linkage group (LG) 3 , interaction of a locus or loci on LG3 with the S locus or a locus or loci closely linked with S on LG1 will cause genetic associations with markers of LG1 and LG3 (Thorogood et al, 2002) . Thorogood and Hayward (1992) observed joint segregation of the GOT/3 locus with self-fertility in their backcross families and significant distortion of the GOT/3 locus was observed in the progeny from selfing half-self-compatible plants from these families (Thorogood, 1991) . As it was known that GOT/3 was not linked to the S locus, it was assumed that linkage to the Z locus was responsible for these observations. The more recent findings by Thorogood et al (2002) of genetic interaction between loci on LG3 and LG1, which strongly imply the interaction of the S locus with a locus on LG3, linked to the GOT/3 locus, led us to suspect that the SC mutation occurred at the S and not the Z locus in this population.
At least three SC mutations, at the S and Z loci and at least one additional locus, designated T, have also been reported in the grass species Phalaris coerulescens (Hayman and Richter, 1992) and, in Rye (Secale cereale L.), three incompatibility loci, S, Z and S5, have been mapped on LGs 1, 2 and 5 respectively Voylokov et al, 1993) . Although these loci have been mapped in the Gramineae, there is no published evidence to indicate any functional relationship between the S and Z loci and this additional locus, for which the only significant form appears to be a nonfunctional selffertility allele.
A genetic analysis of in vitro self-pollinations of plants of an F 2 population, derived from a cross between two perennial ryegrass plants of separate contrasting thirdgeneration inbred lines, was made with the aim of mapping and quantifying the loci responsible for the high levels of self-fertility generally observed in this population. Such information is essential for future studies of evolution of the grass incompatibility system and also an essential step towards a full molecular understanding of what appears to be a more complex system of self-incompatibility than the original two-locus system first proposed around 50 years ago in Rye, S. cereale L. (Lundqvist, 1954 (Lundqvist, , 1956 , Festuca pratensis L. (Lundqvist, 1955) and P. coerulescens Desf. (Hayman, 1956) .
Information on the interaction of unlinked SC and selfincompatibility genes would also be useful in a practical sense to plant breeders attempting to manipulate traits, by marker-assisted selection, controlled by genes linked to incompatibility loci. Such interaction could lead to unconscious selection for other deleterious traits unlinked to the trait of interest.
Materials and methods
The family used was an F 2 population of 188 plants from a selfed F 1 plant derived, in turn, from a cross between two unrelated plants that had been inbred by obligate selfing over three generations (Figure 1 ). Both parents and especially the F 1 derivative were self-fertile as indicated by mean numbers of seed obtained on selfing.
The map used in this study was developed further from the framework map for this F 2 family published by Armstead et al (2002) and extended by Armstead et al (2004) , and had a genome coverage of 672 cM. Additional markers are simple sequence repeats (SSRs) mainly prefixed rv but also 17ca1, 25ca1, 83ca1, 08ga1, 14ga1, 22taga1, 55taga1 and 59taga1. Genotype data were provided by Kieran Elborough of Vialactia, New Zealand and had been produced using their methods. The heterologous restriction fragment length polymorphism (RFLP) probe cdo580 on the previous maps has been replaced with a sequence tagged site (STS) (iacdo580), which maps exactly to the original RFLP. This was analysed on an ABI3100 sequencer, using DNA extracted with the QIAGEN DNEasy Plant Mini Kit (QIAGEN, Crawley, UK). In all, 75 RFLPs, 54 amplified fragment length polymorphisms (AFLPs), 90 SSRs, three invertase gene probes, 13 STSs and three isozymes were mapped onto seven LGs (presumed to represent the haploid set of seven chromosomes of L. perenne) using JoinMap 2.0 (Stam and van Ooijen, 1995) . Regions of the genome with consistent distorted marker segregation ratios, favouring one of the homozygous genotypes over the heterozygotes, but maintaining a 1:1 ratio of homozygotes to heterozygotes, can be associated with loci segregating for SC. Regions with distorted segregation ratios were analysed to assess the likelihood that these distortions were due to such associations in our population.
Ramets of each of the F 2 family individuals were grown in 15 cm diameter pots in Humax John Innes No3 with wetting agent. Plants were vernalised (short days, low temperature) naturally in an unheated, unlit glasshouse over winter. The plants were then allowed to flower naturally.
In vitro self-pollinations were made using the technique of Lundqvist (1961) and self-pollinated stigmas were stained in decolourised aniline blue (Martin, 1959) and observed microscopically at low power ( Â 10) under fluorescent light. Details are also given by Thorogood et al (2002) . In total, 77 self-pollinations were successfully completed and scored. Pollinations fell into two classes: those estimated to be about half-self-compatible where half of the pollen grains germinated, their tubes penetrating deep into the stigma tissue and the other half having their tubes arrested at or near the stigmatic surface soon after germination; and those classified as fully self-compatible with all viable pollen grains producing long pollen tubes. SC loci were identified by interval mapping the two class SC data using MapQTL 4.0 (van Ooijen et al, 2000) . Quantitative trait loci (QTL) for SC classes, scored as proportions of self-compatible pollen grains observed after in vitro self-pollination, were identified in genomic positions that gave a logarithmic odds ratio (LOD score) of linkage with molecular markers greater than three units. The programme was also used to generate a nonparametric (Kruskall-Wallis) test for association of markers with SC. This was deemed a necessary confirmatory test when the LOD score from the interval analysis was less than three but still produced a significant peak in a specific region of the genome.
Partial incompatibility found in gametophytic incompatibility systems is associated with segregation distortion of linked markers where maximum distortion occurs at the self-incompatibility locus (Leach, 1988) . By identifying the position of maximum distortion, the incompatibility loci have been mapped in rye (Wricke and Wehling, 1985; Fuong et al, 1993; Voylokov et al, 1993) . We also looked at areas of marker segregation Segregating family of 188 plants Figure 1 Pedigree of F 2 mapping family.
Self-compatibility in Lolium perenne D Thorogood et al distortion in our ryegrass mapping family and compared map positions of markers with maximum distortion and the positions of segregating SC loci as identified by standard interval linkage analysis. The map positions with the greatest marker distortion were estimated by plotting the observed percentage (after angular transformation) of recombinants against the map distance for each marker. A quadratic equation was fitted to the curve and bootstrap estimates, from 100 bootstrap samples and the minimum value of the curve (minimum recombination frequency) and the point (map distance) at which this occurred were obtained using Genstat 6th Edition (Payne, 2000) .
Results
Of the 77 pollinations completed, 39 were found to be approximately half-and 38 fully self-compatible.
Distorted marker segregation
In our ryegrass population, a major concentration of markers on LG5 showing distorted segregations occurred within the 11-38 cM region (Armstead et al, 2004) . Distortion of codominant markers favoured one of the homozygote classes over the other, whereas the heterozygote class, on the whole, remained at the expected frequency (Table 1) . There was never a case where the unfavoured homozygote was completely absent and the region with greatest distortion was estimated to occur at a distance of 19.9 cM (between 7.99 and 24.21 cM at the 95% confidence interval) where the unfavoured allele was transmitted at a minimum estimated frequency of 6.7% (between 4.8 and 8.1% at the 95% confidence interval). The closest markers to this location are the SSR marker rv0184 (19.8 cM) and the RFLP marker RZ206 (20.9 cM). The only other region of extensive distorted marker segregation was that on LG7 where the majority of the co-dominant marker segregations were characterised by significant distortion (Armstead et al, 2004) with a deficiency of one of the homozygote classes at the expense of the other (Table 2 ). Greatest distortion occurred at 45.9 cM (between 33.8 and 52.3 cM at 95% confidence interval) with an estimated minimum of 9.0% (between 7.9 and 10.5% at 95% confidence interval) of the plants representing the deficient homozygous class.
QTL analysis
Segregation distortion may arise through one of several mechanisms operating pre-or postzygotically and cannot be attributed to a specific cause such as gametophytic incompatibility. So a QTL analysis was made to confirm or otherwise that these distortions were due to the presence of a segregating SC locus. The analysis of the SC phenotypes was made with two classes of SC, half-compatible and fully-compatible, and revealed two QTL, one on LG5 with a maximum LOD score of 6.08 obtained for a marker at 19.8 cM and another on LG1 with a maximum LOD score of 3.39 at 13.2 cM ( Table 3 ). The QTL on LG5 was associated with distorted segregation of linked markers but that on LG1 was not.
Marker analysis
Genotypes of the closest codominant markers to the SC QTL (iacdo580 for the QTL on LG1 and RZ206 for that on LG5) were assigned to the 77 plants that were classified for their SC response (Table 4 ). All plants with iacdo580 genotypes giving a total of 167 plants. The frequencies of the genotypes of these plants are given in Table 5 . The segregation ratios of these two markers for the 167 plants did not differ from the ratios obtained for the subset of 77 plants that were classified for self-incompatibility score (data not shown). Therefore, sterility had no effect on the segregation of these markers and consequent marker analyses can be based on the whole set of plants rather than the smaller subset.
Interpretation of results
The overall 1:1 segregation of F 2 plants into half-selfcompatible and fully self-compatible is indicative of a single gametophytic locus segregating in the F 1 . Only pollen with the SC allele from the heterozygous plant is able to effect fertilisation, giving rise to either half-selfcompatible or fully-self-compatible plants. The SC status of the plant would depend on whether pollen fertilises a female gamete with the SC allele or one with the normal functioning self-incompatibility allele. However, it is unlikely that a hybrid between two highly self-compatible inbred plants from diverse sources, if segregating at all, would be segregating for less than two SC factors, that is, at least one derived from each parent. The situation is remarkably similar to that recounted by Thorogood and Hayward (1991) working on a completely unrelated F 2 family. Then, we identified a single SC gene independent of both S and Z presumably originating from one of the original inbred parents. It was then necessary to suggest that the other inbred line must have been obtained through pseudo-SC, influenced by weak incompatibility alleles or polygenic modifiers of the incompatibility system. We are now in a stronger position to investigate this apparent anomaly in our current F 2 family because of the existence of an extensive set of DNA markers that map the L. perenne genome, and One plant with recombination in SC QTL at LG5, and one plant with predicted RZ206 genotype with no recombinants identified associated with either SC QTL (misclassified?).
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software to analyse linkage associations between markers and trait (in this case SC) loci.
Distorted marker segregation
Significant and consistent distorted marker segregation ratios can be used to identify markers associated with SC mutations of incompatibility loci. Such distortions have been identified in P. coerulescens (Hayman and Richter, 1992) and used to map the S, Z and S5 loci heterozygous for SC alleles in rye Voylokov et al, 1993) . In our ryegrass population, large regions of marker segregation distortion occurred on LGs 5 and 7 (see also Armstead et al, 2004) where one of the homozygous classes was favoured over the other. This is a typical symptom of the activity of a gametophytic SC locus but could be due to other causes such as linkage to lethal and sublethal genes operating at any stage of the plant development process. The LG5 region of marker distortion is particularly attractive as a location for an SC locus, as a locus (S5) with a similar location has been identified in rye Voylokov et al, 1993) , which is highly syntenic with ryegrass. Unlike in the case of Rye, in our perennial ryegrass F 2 family, there was never a case where the unfavoured homozygote was completely absent (Table 1) , the lowest frequency calculated from the allele frequencies of marker loci in this region being 6.7% at a map position of 19.9. This indicates that there must be another factor, either allelic with this locus or at a separate locus, that determines a degree of SC. The region of distorted segregation of markers on LG7 (Table 2 ) may be a candidate for this extra SC locus, although there is no record in any grass species that this region may contain such a locus. Again, in this region on
LG7, the unfavoured homozygote class is never completely absent, the lowest frequency being estimated at 9.0% at a map position of 45.9. At this stage, confirmatory evidence that these regions contain SC loci is still required.
QTL analysis
The QTL analysis confirms that the observed marker distortions were due to the presence of a segregating SC locus on LG5 (designated T). No QTL was observed on LG7 and it is more likely that the distortion at LG7 (Table 2) has another, unknown, cause. The SC QTL on LG1 is not associated with any significant distortion but maps closely to the RFLP-derived STS marker, iacdo580, that was found by Thorogood et al (2002) to map just 9.2 cM away from the S locus in an unrelated mapping family. It is highly likely that the SC locus identified by our QTL analysis and the S locus are one and the same.
Marker analysis (models to explain action of S and T loci) The data show that both iacdo580 and RZ206 markers are closely linked to gametophytic SC loci. Iacdo580 aa genotypes and RZ206 bb genotypes were in most cases 100% self-compatible, and ab/aa iacdo580/RZ206, bb/ab iacdo580/RZ206 and ab/ab iacdo580/RZ206 genotypes were approximately 50% self-compatible and bb/aa genotypes iacdo580/RZ206 were not recovered Table 4 ). We know that the RZ206 b allele linked to the SC allele T derives from P1, 'Perma' (P1 genotype for RZ206 marker ¼ bb), and iacdo580 a allele linked to the SC allele S derives from P2, 'Aurora' (P2 genotype for iacdo580 marker ¼ aa), and therefore the two different SC variants have arisen separately during the development of each of the inbred parental lines. The six plants that did not fit The existence of this plant can be explained because it has been derived from a recombination event at LG5 in the region of the SC locus. It has been left out of the analysis. The marker genotypes of all other plants are used, which are assumed to generate very similar segregation ratios to those expected for S and S5 genotypes. Errors associated with this assumption are small as shown by the fact that only 6.5% (five of 77) of plants (Table 4) were found to have been derived after a recombination event in the region of the S or S5 locus.
e Includes one RZ206 genotype predicted from flanking markers. **Significant deviation of observed ratios from expected at the Po0.01 level.
NS
Observed ratios not significantly deviating from expected. Note that a heterogeneity w 2 test was made between the total observed ratios of plants in each genotype and the subset of plants that were screened for in vitro self-pollination reaction and this was not significant (data not shown).
Self-compatibility in Lolium perenne D Thorogood et al the pattern could, bar one, be explained by recombination events occurring in one or the other of the two regions (Table 6) , which, we would have to assume, occurred between the SC locus and the marker. Thus plant 4/7 could reasonably be classified as Ss/tt, 9/7, 11/2 and 22/5 as SS/Tt and 3/3 as Ss/Tt, thus explaining these plants' SC statuses. Only in one plant (9/9) were we unable to identify a recombination event in either the LG1 or LG5 region, and it must be assumed that this plant has been misclassified.
We are now in a position to develop models to explain the behaviour of these two SC loci in our F2 population.
Model 1: The findings are consistent with the hypothesis that two independent SC loci are segregating where only pollen possessing at least one of the SC alleles from either locus will be compatible on selfing and will produce F 2 progeny. We will refer to this hypothesis as model 1 (Figure 2) . The data however fail to fit the model in two major respects:
(1) This model requires the double-heterozygote F 2 plants, like the F 1 , to be 75% self-compatible. We assessed our double heterozygotes to be approximately 50% self-compatible but acknowledge that it is often difficult to distinguish classes of partial compatible reactions. This difficulty may also be compounded by the existence of polygenic modifiers of SC, which have been suggested to exist in Lolium (Jenkin, 1931; Jones and Jenabzadeh, 1981) . (2) The segregation ratios of the F2 plants at iacdo580 and RZ206 do not agree with those expected in model 1. All plants that had been genotyped for iacdo580 and RZ206, plus 10 plants from which the genotypes of iacdo580 and RZ206 could be deduced from the genotypes of markers flanking either side, were used to analyse the ratios observed. We used the total number of molecularly characterised plants rather than limiting our analysis just to those characterised for both linked markers and SC, as the marker ratios of these plants were not significantly different from those of the subset of plants characterised for SC, as indicated by a nonsignificant heterogeneity w 2 test (data not shown). Complete linkage between these markers and the SC loci was assumed and the small number of recombinants, which undoubtedly occurred, would not overly affect the ratios obtained. The ratio of the eight genotypes on selfing the F 1 deviated significantly from the model 1 ratio (Table 5 ) and it is clear that segregations at the two loci differ from each other (Table 7 ). In particular, the iacdo580/RZ206 genotypes aa/aa (SS/tt) and ab/aa (Ss/tt) were deficient (Table 5 ). These genotypes can only be formed by fertilisation by S/t pollen (see Figure 2) , which strongly suggests that this pollen genotype is partially selected against.
Model 2: A second model based on this differential transmission can be developed. A total of 10 aa/aa (SS/ tt) and ab/aa (Ss/tt) genotypes were recovered in the F 2 when 28 would have been expected according to model 1, which gives an S/t pollen transmission rate of 36%. Based on a 36% transmission rate of S/t pollen, the observed number of genotypes in the F 2 then agrees with the ratio expected (Table 5) . However, this is only an estimate of the actual transmission rate based on a limited number of plants. We are unable to attach Table 6 Genotypes of markers on LG1 and LG5 for plants with apparently aberrant SC scores and marker associations
Marker
Map distance (cM) Plant number 4/7 9/7 11/2 22/5 3/3 9/9
LG1 rv0913 Figure 2 Eight genotypes expected on selfing F 1 plant heterozygous for two independent gametophytic SC loci (model 1). If S/t pollen is sometimes arrested at the stigma surface (ie the interaction is integral to the gametophytic incompatibility process), this would lead to reduced SC of all plants that possess S and t alleles. This would explain the reduced SC of Ss/Tt from the 75% expected in model 1 (Figure 2) . The 50% transmission of S/t would result in 62.5% SC (Table 8) , which is practically indistinguishable from the 50% SC recorded for the double-heterozygote F 2 plants. Ss/tt genotypes would also show reduced SC scores and at 50% transmission only 25% of pollen grains would be expected to be compatible on selfing. This is somewhat lower than the 50% estimated for the three Ss/tt plants scored but not inconceivably so.
The major anomaly with the reduced S/t allele transmission model at this stage is that the two genotypes SS/tt (one plant) and SS/Tt (10 plants) were unequivocally 100% self-compatible. Clearly, S/t pollen appears to be always compatible on selfing in genotypes that are homozygous for the self-fertility allele, S. The percentage compatibility of the eight F2 genotypes expected on selfing the plants under the conventional model 1, and model 2 with 36 and 50% transmission is given in Table 8 . The reason for the differential response of S/t pollen, depending on the allelic composition of the S locus, is unclear although it would appear that a functional allele, s, in the style is required to elicit an incompatible response to S/t pollen. The fact that the S/t pollen is not fully excluded from the fertilisation process, as indicated by the fact that SS/tt and Ss/tt F 2 genotypes are formed at all, indicates the involvement of a third locus.
We reclassified our pollinations so that they agreed with the pollinations expected on model 2 with 50% transmission. This meant changing our 50% SC scores of genotypes Ss/tt to 25% and those of genotypes Ss/Tt to 62.5% (Table 8 ). All other SC reactions remained as for model 1. Interval and nonparametric (Kruskall-Wallis; see Lehman, 1975) analyses on the reclassified data revealed QTL at the same two regions on LG1 (S locus) and LG5 (T locus) in accordance with the original data plus an additional locus, previously undetected, on LG2 (Table 9 ). This extra locus could well correspond to the Z locus known to be located on LG2 in perennial ryegrass (Thorogood et al, 2002) , which, of course, is known to complement the S locus to elicit a self-incompatible response. It therefore appears likely that the S, Z and T loci interact to determine pollen-stigma compatibility.
Conclusions
The identification of a locus (T) in Lolium, which is nonallelic to either the S or Z locus and which clearly has an interactive role with these loci, to determine compatibility status reinforces the possibility raised by Hayman and Richter (1992) that the two-locus grass system has evolved from a multilocus system such as that found in Ranunculus species and Beta vulgaris (Osterbye, 1975; Larsen, 1977; Lundqvist, 1990) . This locus adds to the one identified by Thorogood et al (2002) on LG3, which interacts with the S locus and thus also has a role to play in the incompatibility response in Lolium.
In a practical sense, the observed interaction between the incompatibility loci is important for marker-assisted selection procedures for accelerated breeding: if traits are selected for that are linked to S, T or Z, then there is a distinct possibility that this selection will not only determine frequencies of linked alleles but also alleles linked to the other loci. The fact that such gene interaction was observed between the S locus and a locus on LG3 in L. perenne as well (Thorogood et al, 2002) shows that selection at or near any of these loci on LGs 1, 2, 3 or 5 is likely to have profound effects on allele frequencies in a substantial proportion of the Lolium genome.
